INTRODUCTION
============

Chloride-induced corrosion of reinforcing steel in concrete, for decades, has been one of the largest challenges worldwide in maintaining the condition of civil engineering structures and thus ensuring reliability, safety, and sustainability of these infrastructures ([@R1]--[@R5]). Over the coming decades, the situation can be expected to be aggravated ([@R6]), owing to the continuous aging of the infrastructure, the large majority of which was in industrialized countries built in the middle of the past century. However, there is still a lack of fundamental understanding about what controls corrosion initiation in concrete.

Concrete structures are exposed to chlorides not only in marine environments but also in the many regions of the world where deicing salts are used on roads as a means to improve traffic safety during the winter season. Being a porous material, concrete permits penetration of chloride ions through the liquid phase contained in the pore system. Once a sufficiently high chloride concentration is reached at the reinforcing steel surface, initiation of localized corrosion is possible. This type of corrosion attack is particularly dangerous because it is associated with the formation of macrocells, wherein relatively small anodic sites are galvanically coupled with relatively large cathodic areas ([@R4], [@R7]), thereby giving rise to high local rates of steel cross-sectional loss. The local rate of cross-sectional loss may reach values of 0.1 to 1 mm/year under some conditions ([@R4]), which can severely impair the serviceability or load-bearing capacity of a structure within a relatively short time.

Awareness of degradation of concrete structures owing to chloride-induced corrosion gained momentum during the second half of the past century. Over the following decades, an engineering approach was established using a concept similar to traditional structural mechanics, wherein failure may be described by comparing the mechanical load to the material strength (that is, ultimate limit state design). In durability engineering, the load analogously corresponds to the concentration of chlorides reached at the steel surface in the concrete, whereas the material strength is understood as a chloride threshold concentration for the occurrence of corrosion.

On the basis of this conceptual approach to predicting corrosion initiation, a vast amount of research has been aimed at modeling chloride penetration through concrete ([@R8])---as a function of exposure conditions, concrete properties, etc. On the other hand, a substantial amount of research was devoted to determining the chloride threshold level for corrosion initiation, the so-called critical chloride content in the concrete (*C*~crit~). Because *C*~crit~ directly describes the limit state (that is, the transition from a noncorroding to a corroding structure), this parameter is of uttermost importance in service life design or predictions and in the condition assessment of existing structures. From today's perspective, we can conclude that particularly the search for *C*~crit~ has turned out as a difficult endeavor. In this regard, a number of reviews of the extensive body of literature have consistently revealed that *C*~crit~ scatters over a large range, both for laboratory results and for data collected from engineering structures ([@R9]--[@R11]). This may, at least partly, be explained by different conditions at the surface of reinforcing steel in concrete that are expected to play a role in corrosion initiation ([@R12]).

A detailed review by Angst *et al*. ([@R13]) of the steel-concrete interface (SCI) revealed pronounced spatial variability in terms of chemical and physical properties at the surface of steel embedded in concrete. Considering that the length scale along the steel surface of some of these local characteristics is on the order of centimeters, it can be expected that the probability for the absence or presence of certain features is significantly influenced by the exposed steel surface area, particularly for specimen dimensions typically used in laboratory studies. Consequently, an influence of the specimen size on *C*~crit~ can be expected.

In pursuit of elucidating the role of different characteristics at the SCI in corrosion initiation in concrete, we examined the location of corrosion initiation in laboratory-manufactured reinforced concrete specimens with respect to characterization of various features at the SCI, primarily examining steel metallurgy and voids in the concrete. Our results from testing specimens of different lengths ([Fig. 1A](#F1){ref-type="fig"}) confirm the hypothesis that the size of the exposed steel surface has an influence on *C*~crit~. As will be discussed, this size effect strongly affects the established conceptual approach of forecasting corrosion in concrete.

![Effect of specimen size on the chloride concentration needed for corrosion initiation of carbon steel in concrete.\
(**A**) Setup for corrosion tests of reinforced concrete specimens under chloride exposure with three different exposed lengths, labeled L (100 cm), M (10 cm), and S (1 cm). The number of tested specimens is also indicated. (**B**) Box plots of measured *C*~crit~ (black) shown for the different *L*~exp~ (whiskers, min/max; red box plot, prediction for size L) based on the probabilistic model and on the results for M (compare discussion section for details). (**C**) Cumulative probability for corrosion initiation as a function of the chloride concentration. Dots represent individual measurements, the dashed lines are fits assuming a log-normal distribution, and the red line is the prediction based on the probabilistic model. μ and σ are the first two moments of the log-normal distributions. The smallest specimens (*L*~exp~ = 1-cm exposed length) did not corrode even at a chloride concentration of 2.38%.](1700751-F1){#F1}

RESULTS
=======

The specimen size influences susceptibility to corrosion
--------------------------------------------------------

The chloride concentration at the steel surface needed to initiate corrosion decreases with increasing length of the reinforced concrete beams exposed to chlorides ([Fig. 1](#F1){ref-type="fig"} and table S1). Small laboratory specimens tolerate higher chloride concentrations than larger specimens. For specimens with 10-cm exposed reinforcing steel length (*L*~exp~ = 10 cm), the observed chloride threshold values for corrosion range from 0.9 to 2.1% chloride by mass of cement, whereas for 100-cm-long reinforcing steel bars, chloride concentrations of 0.6 to 1.2% by mass of cement were sufficient to initiate corrosion. In the smallest specimens studied in this work (*L*~exp~ = 1 cm), no corrosion was observed during the test period. The corresponding chloride concentration at the steel depth in these noncorroding specimens was determined at 2.4% by mass of cement (table S1). This may be considered as a lower limit of *C*~crit~ of the specimens with an exposed length of 1 cm.

In addition, [Fig. 1](#F1){ref-type="fig"} shows that increasing specimen size diminishes the scatter in the obtained results. The SD in chloride threshold value for *L*~exp~ = 100 cm was roughly half of the SD of specimens with *L*~exp~ = 10 cm.

Corrosion does not preferentially initiate at coarse voids
----------------------------------------------------------

After corrosion initiation had been detected by means of electrochemical, nondestructive measurements, the location of pitting corrosion initiation was assessed by visually inspecting the SCI upon splitting the concrete specimen and removing the reinforcing steel bar from the concrete ([Fig. 2A](#F2){ref-type="fig"}). The sites where localized corrosion had initiated were clearly visible because typically black corrosion products were deposited on the steel and the adjacent concrete. Often, the initially dark spots were surrounded by red/brown corrosion products deposited up to several centimeters away from the initiation site. In addition, the dark corrosion products gradually turned red/brown upon exposure to air. This was interpreted as oxidation of those corrosion products that had, under deoxygenated conditions, been deposited at the anodic site, which is typical for the process of localized (pitting) corrosion, wherein anodic and cathodic sites are spatially separated and macrocells are formed ([@R4]).

![Inhomogeneities at the SCI.\
(**A**) Representative image of a split concrete specimen after removal of the steel bar, showing dark corrosion products at the location of corrosion initiation, surrounded by a rim of red/brown deposited rust and the presence of a coarse air void at the steel surface (free from corrosion). (**B**) Image of a section perpendicular through the steel bar in concrete with a coarse air void at the SCI. (**C**) Backscattered electron (BSE) micrograph of a polished section perpendicular to the steel bar of an epoxy-impregnated specimen illustrating the transition of the SCI morphology from zone A (steel in contact with concrete) to zone B (at coarse air void, where the steel is covered with a thin layer of cement paste). (**D**) SEM micrograph of a carbon-coated section perpendicular to the steel bar showing the presence of a cement-paste layer on the steel surface that is interspersed with small air voids.](1700751-F2){#F2}

Visual inspection revealed the inhomogeneous nature of the SCI. In particular, voids covering a wide range of spatial dimensions were frequently found (Fig. 2, A and B, and fig. S1). These include air voids resulting from air bubbles in the fresh concrete that become trapped at the steel surface ([@R14], [@R15]). Although some of the visually apparent entrapped air voids were small (diameter of approximately 0.1 mm), others reached dimensions of up to 10 mm. The spacing between these voids at the steel surface ranged from a few millimeters to a few centimeters; several entrapped air voids were found within the exposed rebar portion in each of the investigated concrete specimens, including coarse voids with diameters of several millimeters.

Nevertheless, corrosion never coincided with the location of coarse voids (that is, voids larger than approximately 1 mm in diameter). For smaller voids, it was difficult to draw conclusions due to the masking effect of precipitated corrosion products.

[Figure 2](#F2){ref-type="fig"} (C and D) shows the pronounced change in conditions at the steel surface in the presence of an air void. There is a marked transition between different zones, namely, steel in contact with bulk concrete (zone A) and steel covered with thin layer of cement paste, which is exposed to air in the air void (zone B). In this example, the thickness of the cement paste layer was 20 to 60 μm, but other cases with slightly thicker layers (70 to 120 μm) were also observed, which may contain smaller air voids themselves ([Fig. 2D](#F2){ref-type="fig"}). Within these pores, it appears that the steel surface has almost no cementitious covering, that is, that virtually bare steel is exposed to the air in the void (zone C).

Initiation sites correspond to metallurgical features
-----------------------------------------------------

Inspection of the reinforcing steel bars that had been removed from the concrete upon corrosion initiation typically revealed the presence of one distinct corroding spot, which in some cases was surrounded by significantly smaller corrosion pits, all of them within an area of maximum approximately 5 mm^2^ (fig. S2). The small corrosion pits were interpreted as sites where corrosion had initiated but was not able to reach stable pit growth (in contrast to the dominating corrosion site) ([@R16]). However, several pronounced areas of localized corrosion close to each other were occasionally observed within a steel surface area of \<1 cm^2^ ([Fig. 3A](#F3){ref-type="fig"}). Visual examination also revealed that in 75% of all cases, corrosion initiated between the rebar ribs or directly at the rib edge ([Fig. 3A](#F3){ref-type="fig"} and fig. S2).

![Corrosion morphology.\
(**A**) Close-up image of a steel bar after removal from the concrete and after chemical cleaning showing several sites of localized corrosion within an area of \<1 cm^2^. (**B**) BSE micrograph of the section indicated in (A) showing two shallow corrosion pits, a and b. Pit b is covered with a crust of chloride containing iron complexes, underneath which branched corrosion attack extends into the steel. The dark spots in the steel are inclusions (MnO, SiO~2~, and FeO). (**C**) Light optical micrograph of the etched section of the framed portion of (B) showing the ferritic-pearlitic microstructure and the preferential corrosion attack of the pearlite phase of the Mn-Si oxide inclusions and along grain boundaries.](1700751-F3){#F3}

Analyses of cross sections of steel bars indicated that the morphology of the corrosion attack resembled shallow or cone-shaped corrosion pits ([Fig. 3B](#F3){ref-type="fig"} and fig. S2). These pits were typically covered with a crust of corrosion products, which occasionally remained even after the chemical cleaning process in inhibited hydrochloric acid. In some cases, at the bottom of the corrosion pit, relatively deep branches of corrosion attack were found to extend into the steel ([Fig. 3C](#F3){ref-type="fig"}). Corrosion appeared to penetrate preferentially along grain boundaries and by dissolving the pearlite phase of the steel microstructure. Finally, Mn-Si oxide inclusions were found to be strongly inhomogeneously distributed across the steel cross section, and corrosion initiated preferentially---but not exclusively---at those areas of the steel bar where the Mn-Si oxide inclusions reached the surface.

The ferritic-pearlitic microstructure shown in [Fig. 3C](#F3){ref-type="fig"} was found homogeneously across the entire steel bar cross section. This is characteristic for cold-deformed reinforcing steel bars as the ones used in this study. Because of the manufacturing process, cold-deformed reinforcing steel bars are typically free from mill scale, which was confirmed in all analyzed metallographic samples. None or only very small remnants of mill scale or native corrosion products were found on the reinforcing bar surface.

DISCUSSION
==========

The size effect is caused by inhomogeneities along the steel surface
--------------------------------------------------------------------

Our findings show that the chloride concentration needed to initiate corrosion of reinforcing steel in concrete significantly depends on the size of the investigated specimens. We suggest that this size effect can be explained by inhomogeneities at the steel surface, namely, by the spatial variability of physical and chemical conditions of the SCI, which is influenced by properties of both the reinforcing steel and of the concrete. Increasing the specimen size will thus increase the probability for the presence of conditions favoring corrosion initiation at lower chloride concentrations. These may include zones of particularly corrosion-susceptible steel metallurgy (for example, accumulations of inclusions) or areas where the concrete adjacent to the steel offers low corrosion protection.

From experiments of localized corrosion on passive metals, such as stainless steel in aqueous solutions, it is well known that initiation of pitting corrosion is governed by local features ([@R17]). Depending on the presence or absence of certain preferential initiation sites within the tested surface area, the susceptibility of a sample surface to pitting corrosion will be higher or lower, respectively. This was experimentally confirmed by measurements of pitting potentials of passive steels in aqueous chloride solutions ([@R18], [@R19]) and already recognized early by Evans ([@R20]), who pointed out that the reproducibility of experiments with small specimens to study localized corrosion phenomena can be poor. In corrosion studies in solutions, all inhomogeneities can be reasonably assumed to be related to the metal, rather than to the exposure environment.

However, for steel in concrete, further spatial variability is introduced because of the inhomogeneous nature of the composite material concrete. As recently summarized by Angst *et al*. ([@R13]), the SCI in engineering structures may exhibit significant variability in terms of local properties, arising from the local presence or absence of concrete cracks, honeycombs, voids of different origin, spacers, tie wires, mill scale, native rust layers, steel surface contaminants, etc. Several of these characteristics are generally believed to play a role in corrosion initiation, for example, air voids ([@R21]), bleed-water zones ([@R22], [@R23]), or crevices in the mill scale ([@R24]). They may thus act as "weak spots" (that is, areas particularly susceptible to corrosion along the steel surface).

In the present laboratory study, the SCI was free from most of these features expected for engineering structures. The main inhomogeneities in this work were concrete voids at the SCI and metallurgical variability (for example, inclusions). Although our findings suggest that coarse entrapped air voids at the SCI are not preferential sites for corrosion initiation, metallurgical features and aspects related to the steel bar geometry (ribs) seem to favor corrosion initiation.

The observation that coarse air voids were harmless under the present wetting/drying exposure conditions can be explained by the fact that they were not filled with solution. Even for continuously submerged concrete, an air void diameter of \>0.5 mm likely needs several years, or even decades, to become water-saturated ([@R13], [@R25], [@R26]). However, smaller air voids, such as those on the order of a few tens of micrometers in size ([Fig. 2D](#F2){ref-type="fig"}), may have reached saturation within the exposure time in this study of up to 1.5 years. Although a possible correlation of these small air voids and of corrosion initiation sites could not be investigated, owing to the masking effect of deposited corrosion products, it cannot be excluded that small air voids may have contributed to corrosion initiation in this study. The observation that coarse air voids (that is, air voids visible to the naked eye) under cyclic wetting/drying exposure are not preferential sites for corrosion initiation, even with prolonged wetting periods of several months, is in agreement with other recent experimental results ([@R27], [@R28]). On the other hand, for water-saturated concrete, corrosion initiation was reported in the literature to be facilitated by the presence of coarse air voids at the SCI ([@R21]).

It was also observed that most of the corrosion initiation sites were located between the ribs of the reinforcing steel bars ([Fig. 3A](#F3){ref-type="fig"}). Although this may be attributed to metallurgical weaknesses (for example, lattice dislocations caused by cold work hardening and deforming of the reinforcing bars during manufacturing), it may also be due to different concrete properties in these areas. The reinforcing steel bars were oriented vertically during concrete casting. Horne *et al*. ([@R29]) have shown that for vertical reinforcing steel bars, the concrete porosity is higher underneath ribs compared to bulk concrete and that gaps may form at these undersides due to the accumulation of bleed water. As a result, portlandite---the presence of which at the steel surface in concrete has early been suggested to be one of the main corrosion protective actions of concrete for the embedded steel ([@R1])---is locally lacking in bleed-water zones. This may explain why corrosion preferentially initiated at locations between ribs.

Finally, in addition, penetration of chlorides through the concrete cover is likely inhomogeneous, giving rise to spatial variability of the chloride concentration at the steel surface ([@R30]--[@R33]). In summary, the probability for a sufficiently high chloride concentration at the steel surface, matching a sufficiently low resistance to chloride-induced corrosion owing to the discussed local characteristics at the SCI, increases with specimen size. In engineering structures, the SCI is presumably more inhomogeneous compared to the SCI of the laboratory specimens in the present work ([@R13]). As a result, the size effect may be even more pronounced.

*C*~crit~ and the weakest link theory
-------------------------------------

As discussed in the previous section, corrosion always initiates first at the weakest spot of the exposed steel surface area (that is, at the spot most susceptible to corrosion). Large specimens can be regarded as a combination of small specimens. In the present case, for instance, one L-type specimen (*L*~exp~ = 100 cm) would correspond to a combination of 10 M-type specimens (*L*~exp~ = 10 cm). In this hypothetical L-type specimen, the chloride concentration at which corrosion would initiate corresponds to the minimum *C*~crit~ of the 10 M-type specimens. Following this reasoning, the weakest link theory ([@R34]) may permit predicting the distribution of *C*~crit~ for various *L*~exp~, given the distribution of *C*~crit~ for small-scale laboratory specimens ([@R35]). To predict the *C*~crit~ of L-type specimens based on the experimental results from the M-type specimens, the following equation applies ([@R35])$$\mathit{p}_{L} = 1 - {(1 - \mathit{p}_{M})}^{\mathit{k}}$$

Here, *p*~L~ and *p*~M~ are the probabilities for corrosion for series L and M, respectively \[that is, *p* = *P*(*C*~crit~ ≤ chloride content)\], and *k* is the ratio of *L*~exp~ of the two series (that is, *k* = 10). The red box plot in [Fig. 1B](#F1){ref-type="fig"} and the red line in [Fig. 1C](#F1){ref-type="fig"} show the result (that is, the prediction of *C*~crit~ at *L*~exp~ = 100 cm) using [Eq. 1](#E1){ref-type="disp-formula"} and the log-normal distribution at *L*~exp~ = 10 cm as input data. This prediction is in agreement with the experimental results obtained for *L*~exp~ = 100 cm.

Thus, the approach presented here appears to be suitable to transform *C*~crit~ values that were determined for a certain specimen size to another, larger specimen size. Ultimately, application of the weakest link theory to chloride-induced corrosion in concrete may significantly contribute to successful translation of laboratory results to engineering structures.

Size effect compared to other influencing factors
-------------------------------------------------

Parameters that are generally considered important for the durability of reinforced concrete are the type of cement (binder) and the water/binder ratio (w/b) in the concrete ([@R4], [@R5]). A number of authors studied the influence of w/b and binder on *C*~crit~, but there is no general quantitative agreement. This can be related primarily to differences in experimental conditions and measurement techniques used in different studies ([@R11]).

Nevertheless, lowering the w/b ratio was generally found to increase *C*~crit~ ([@R36]--[@R40]). On the basis of these literature results, a decrease of w/b from 0.6 to 0.4 can be estimated to increase *C*~crit~ by a factor of approximately 1.5 on average (varying in a range of approximately 1.2 to 2.1). Note that changing w/b from 0.6 to 0.4 is considered to significantly affect most concrete properties ([@R4], [@R5], [@R41]). Thus, although this range covers a substantial proportion of concretes used in practice, the impact on *C*~crit~ appears to be moderate.

With regard to the influence of cement type on *C*~crit~, fly ash and blast furnace slag are the mineral admixtures that have been the most intensively studied ([@R11]). Nevertheless, literature is contradictory, meaning that both adverse ([@R39], [@R42], [@R43]) and beneficial ([@R44]), as well as negligible ([@R9], [@R45]), effects on *C*~crit~ have been reported for these mineral admixtures. Concerning 30% fly ash replacement, for instance, Thomas ([@R43]) and Oh *et al*. ([@R39]) reported a decrease of *C*~crit~ by a factor of 0.7, whereas Schiessl and Breit ([@R44]) found an increase of *C*~crit~ by a factor of 1.6, and Alonso *et al*. ([@R45]) found no significant influence.

Our findings in [Fig. 1](#F1){ref-type="fig"} show that decreasing the specimen size from 100- to 10-cm rebar length increases the mean of *C*~crit~ by a factor of 1.44; decreasing the specimen size further has an even more pronounced effect on *C*~crit~. Thus, the size effect seen in the range of typical laboratory-specimen dimensions and of practical structures (see next section) may be considered at least comparable to the influences cement type and w/b ratio. Nevertheless, it has to be noted that our results were obtained from a limited range of material properties (ordinary Portland cement, w/b = 0.5, cold-work strengthened reinforcing steel in "as-received condition," etc.) and that varying these material parameters may have an influence on the size effect, that is, that the size effect may be more or less pronounced for certain configurations of experimental parameters.

Implications for laboratory testing and for service life predictions
--------------------------------------------------------------------

Given the relative importance of the specimen size with respect to other parameters generally considered important for the corrosion performance of reinforced concrete, we believe that the size of specimens (that is, the exposed steel surface area) needs to receive more attention in future research and in engineering. The length of the exposed steel bar in laboratory corrosion investigations usually ranges from 5 to 30 cm \[for example, studies cited in Angst *et al*. ([@R11])\]. This corresponds to steel surface areas of \~10 to 80 cm^2^, thus of much smaller dimensions than those of structural members in engineering structures. This has implications both for laboratory testing and for applying laboratory results to practice.

The fact that the variability in *C*~crit~ increases when smaller specimens are used ([Fig. 1](#F1){ref-type="fig"}) affects the reliability of experiments. The smaller the specimen dimensions are, the poorer the reproducibility of an experiment becomes. Given a certain *L*~exp~, this can only be counteracted by increasing the number of parallel specimens. By means of probabilistic considerations, Angst *et al*. ([@R35]) showed that more than 10 or even dozens of parallel specimens may be needed to achieve a reasonable level of confidence in typical small-scale laboratory experiments. However, the number of replicate specimens is usually lower, typically ranging from 1 to 5. This may explain, at least partly, the huge scatter in literature data ([@R11]) for *C*~crit~.

Another implication of our findings ([Fig. 1](#F1){ref-type="fig"}) is that results from small-scale laboratory tests are not directly applicable to engineering structures. Several researchers have reported relatively high *C*~crit~ from laboratory experiments compared to practical experience ([@R27], [@R37], [@R45]--[@R47]). This discrepancy is generally ascribed to superior material properties of laboratory specimens compared to the conditions achieved on construction sites, particularly regarding macroscopic concrete voids at the SCI or inhomogeneities in steel surface conditions ([@R46]). We suggest consideration of size effects as an alternative explanation for higher laboratory *C*~crit~ compared to engineering structures---that is, consideration of the fact that laboratory specimens are generally of small dimensions and that this factor, given a specific type of concrete and type of steel, increases *C*~crit~. This possibility is underscored by the present observation that coarse voids, which may generally be more frequently found in site-produced concretes than in laboratory specimens, appear not to have an adverse effect on *C*~crit~, at least not under wetting/drying exposure conditions.

Another implication of the size effect concerns common techniques and sensors used for monitoring corrosion in engineering structures. Typically, these approaches are based on carbon steel specimens embedded at increasing depths in the concrete cover ([@R48]--[@R51]). These serve as corrosion detection probes, that is, they are monitored until corrosion initiates at a probe at a certain depth. From this, the time to corrosion of the structural reinforcing steel, being located at a greater depth, is extrapolated. The surface area of the corrosion detection probes may range from a fraction of 1 cm^2^ up to \~50 cm^2^ ([@R48]--[@R53]). Thus, these sensors typically have an exposed surface area somewhere between series S and M in this work. In the light of the results presented here, these relatively small sensors are expected to require higher chloride concentrations to start corroding than the reinforcing steel in the same structure. If this fact is ignored, predictions based on the sensor may lead to an overestimation of the time to corrosion of the reinforcing steel. This may be counteracted by increasing the number of sensors at a given depth and by applying the weakest link theory for the needed transformation regarding size (Eq. 1). However, another possible limitation of some of these sensor systems is that the steel type and surface are not representative of the structural reinforcing steel.

Finally, an important implication of our findings regards the concept of *C*~crit~, which is a concept describing a limit state for corrosion. For this concept to be successfully applied in service life predictions of engineering structures, it is crucial to incorporate the size effect. In the current state of the art, this is not the case; over the past \>60 years, chloride threshold values in concrete have typically been characterized on laboratory specimens of relatively small dimensions. However, if the dimensions of the specimens from which the results are obtained are ignored in service life modeling, the predicted time to corrosion initiation may be considerably underestimated or overestimated.

A number of authors have shown that service life models are strongly sensitive to *C*~crit~, that is, that even small uncertainties in *C*~crit~ give rise to large uncertainties in terms of the predicted time to corrosion ([@R5], [@R54], [@R55]). This may be illustrated by means of a simple prediction of chloride ingress into concrete, as described by Tang *et al*. ([@R8], [@R56]), and by calculating the time to corrosion as the time until the predicted chloride concentration in the concrete equals *C*~crit~. The example displayed in fig. S3 shows this for an assumed cover depth of 50 mm and using the different *C*~crit~ according to [Fig. 1](#F1){ref-type="fig"} as input parameters. In this case, the average time to corrosion is \~40 years in the 100-cm-long specimens (L) and \~110 years in the 10-cm-long specimens (M). Thus, an increase in *C*~crit~ by \~50% (from μ = 0.80% chloride by weight of cement for L to μ = 1.25% chloride by weight of cement for M) corresponds to an increase in predicted time to corrosion by a factor of almost 3 (from 40 years for L to 110 years for M). This amplifying effect is due to the fact that the increase in chloride concentration at a given cover depth slows down with time, that is, that after a few decades in the life of a structure, considerably more time is needed for even a slight increase in chloride concentration. In the 1-cm-long specimens (S), the predicted minimum time to corrosion even exceeds 1000 years. In summary, by influencing *C*~crit~, the size effect of corrosion of steel in concrete greatly influences the predicted life span of concrete structures.

To make the needed leap forward in forecasting reinforcing steel corrosion in concrete, further research studies should address the following issues: (i) quantifying the size effect on real systems (that is, testing reinforcing steel bars exhibiting surface conditions representative for construction sites and embedded in mature site-produced concrete). A limitation of laboratory studies, including the present one, is that corrosion is investigated under conditions that may not be representative of engineering structures. Because variability in a number of local properties of the SCI is expected to be more pronounced in engineering structures compared to laboratory specimens ([@R13]), the size effect may also tend to be more significant in these structures. We consider it important to experimentally validate this and to quantify the size effect for practical conditions. (ii) To permit taking the size effect into account in service life predictions of concrete structures, there is a need to combine materials science and structural engineering (mechanical behavior). Probabilistic service life models require the statistical distribution of *C*~crit~ as input parameter. Because this depends on size ([Fig. 1](#F1){ref-type="fig"}), engineers need to be able to identify the reinforcing steel bar length (size) that is relevant in different reinforced concrete members in engineering structures on the basis of mechanical considerations ([@R35]). (iii) Finally, there are still many open questions concerning the role of the SCI in corrosion initiation. To enhance predictive models for corrosion in concrete, it is essential to deliver a better understanding of the relative importance of the different local features of the SCI in controlling initiation (or inhibition) of corrosion of steel in concrete.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

This study aimed at testing the hypothesis of a size-scale effect of chloride-induced steel corrosion in concrete. Reinforced concrete beams of different lengths were manufactured, and their susceptibility to corrosion was studied. Subsequent analyses aimed at revealing correlations between the sites where localized corrosion initiated and the local conditions at the SCI.

Specimen preparation
--------------------

Reinforced concrete specimens were manufactured in the laboratory with concrete made from Portland cement and a water/cement ratio of 0.5. The detailed concrete mix proportions are given in table S2. The reinforcing steel bars \[class B500B according to ([@R57]), cold-work strengthened\] had a diameter of 10 mm. When delivered, they were free of any surface rust. Before casting, the surface was degreased with acetone but otherwise left in as-received condition.

Figure S4 details the geometry of the molds used for casting the specimens; the steel bars were oriented vertically during casting. After casting, the specimens were left for self-desiccation for 28 days and were then cut, as shown in fig. S5. The final reinforced concrete beams had a cross section of 7-cm width and 9-cm height; the length was variable. After cutting, a cable connection was established to each steel bar (screw connection). All specimens were painted with an epoxy coating to achieve a defined exposed length *L*~exp~ ([Fig. 1A](#F1){ref-type="fig"} and fig. S5). Three different *L*~exp~ were studied in this work, namely 1, 10, and 100 cm; the series were termed S, M, and L, respectively. The numbers of replicate specimens were six for series L and eight each for series M and S ([Fig. 1](#F1){ref-type="fig"}). The steel bar ends were either protected by a duplex shielding similar to the studies of Angst *et al*. ([@R27]) and Lambert *et al*. ([@R46]) or by avoiding access to chloride with help of the epoxy coating on the exposed surface (more detailed information given in figs. S5 and S6); visual inspection of the steel bars after terminating the experiments confirmed that this approach was suitable to avoid corrosion at the bar ends.

Corrosion tests
---------------

After 4 months of exposure to indoor climate \[that is, with the uncoated surfaces exposed to approximately 50 to 60% relative humidity (RH) (temperature, 20° ± 2°C)\], the specimens were placed with the cut surfaces facing downward in demineralized water. The depth of immersion was only 1 cm (that is, the upper concrete surface was exposed to air). Over time, the chloride concentration in the solution was increased step-wise by adding sodium chloride. At certain times, the specimens were lifted and exposed to air (approximately 50 to 60% RH). The detailed wetting/drying cycles are given in table S3.

For the entire corrosion test, the upper and the lower steel bar in each specimen were electrically connected. During the wetting cycles, the steel potential was measured with help of a reference electrode (saturated silver/silver chloride electrode) immersed in the solution. All measurements were carried out with an automated data logger (input impedance \> 10^10^ ohms); the measurement interval was 1 hour. Corrosion initiation was detected by a pronounced drop in potential. On the basis of the studies of Angst *et al*. ([@R27], [@R28], [@R58]), the criterion for initiation of stable corrosion was as follows: a potential drop by at least 120 mV within a short time (1 to 2 days), after which the negative level of potential is maintained over at least 5 days.

Sampling procedures and examination
-----------------------------------

After stable corrosion initiation was detected, the corresponding specimen was withdrawn from the exposure test and destructively examined. This happened within a maximum of 10 days after corrosion initiation. Mechanically splitting the specimen permitted the removal of the steel bar from the concrete. Both the steel bar and the imprint left in the concrete were visually inspected to identify the location of corrosion initiation and to correlate it with visually apparent characteristics at the SCI. After a first inspection of the steel bar, the steel surface was cleaned from adhering concrete phases and from deposited corrosion products by immersion in an inhibited pickling solution \[hydrochloric acid (1:1) + 3 g/liter of urotropine (hexamethylenetetramine)\] in an ultrasonic bath for 1 to 2 min.

At the cover depth, a 3- to 4-mm-thick disc of concrete was cut (that is, at the cover depth of ±1.5 to 2.0 mm), with lateral dimensions of approximately 3 cm × 10 cm. This concrete sample was dried to constant weight at 105°C and subsequently milled, from which \>20-g concrete powder was obtained. The content of acid-soluble chlorides was determined in the concrete powder samples according to standard ([@R59]) and considered as *C*~crit~ for the actual specimen.

In addition to sampling at the location of corrosion initiation, sections perpendicular to the steel bar were cut from selected concrete beams before splitting to examine the SCI. This was performed with specimens of series S (which did not initiate corrosion) and of series L (in zones far from where corrosion started). For the latter, the corroding zone could be reliably located by moving a reference electrode along the concrete surface. The cut sections were dried in air, impregnated with epoxy resin under vacuum, and finally grounded and polished to a flat surface before studied under scanning electron microscopy (SEM).

Finally, on the basis of visual inspection of the removed reinforcing steel bars, sections perpendicular to the steel bar were cut at the locations of corrosion initiation. These metallurgical sections were polished (silicon carbide papers of up to 1200 grit; 6-μm and 3-μm diamond spray; and finally, 0.05-μm Al~2~O~3~ suspension), etched (3% Nital, for approximately 10 s), and then examined with light optical microscopy.

Probabilistic modeling
----------------------

Log-normal probability distributions were fitted to the experimentally obtained *C*~crit~ for series M and L. The fitting parameters were$$\lambda = \mathit{E}(\text{ln}~(\mathit{C}_{\text{crit}}))$$$$\varepsilon^{2} = ~\text{var}(\text{ln}~(\mathit{C}_{\text{crit}}))$$

The first two moments ("as measured" rather than log-normally transformed) are ([@R34], [@R35])$$\mu = \mathit{E}(\mathit{C}_{\text{crit}}) = ~\text{exp}\left( \lambda + \frac{1}{2}\varepsilon^{2} \right)$$$$\sigma^{2} = ~\text{var}(\mathit{C}_{\text{crit}}) = \mu^{2} \cdot (\text{exp}(\varepsilon^{2}) - 1)$$

On the basis of these parameters for series M, the probability distribution of *C*~crit~ could be predicted for larger *L*~exp~, following the procedure described by Angst *et al*. ([@R35]). This consists of calculating the probability for corrosion, *p*~L~, for discrete chloride contents, according to [Eq. 1](#E1){ref-type="disp-formula"}, and by using the log-normal distribution obtained for series M as *p*~M~.
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fig. S1. Examples of coarse air voids at the SCI.

fig. S2. Morphology of the corrosion attack.

fig. S3. Example of prediction of time to corrosion initiation.

fig. S4. Reinforced concrete slabs cast in the laboratory.

fig. S5. Preparation of specimens of different sizes based on the slabs shown in fig. S4.

fig. S6. Detail of end-shielding of the steel bars.

table S1. Detailed results of measured chloride threshold values *C*~crit~ for corrosion initiation.

table S2. Nominal concrete mix proportions.

table S3. Wetting/drying exposure and sampling times after corrosion initiation for the individual specimens.
